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Abstract: The varying indoor environments among educational buildings can have an impact
on students’ ability to learn. This study looks at field data from 220 classrooms in the Midwest,
United States, over a two-year period, to analyze the effects of the visual environment on student
achievement. The visual environmental metrics considered within this scope include the three new
view metrics introduced within the EN 17037 “Daylight of Buildings” standard (Horizontal Sight
Angle, Outside Distance of View, and Number of View Layers), as well as standard daylight and
electric lighting metrics, focusing on light availability and glare. To capture student achievement,
math and reading achievement scores were used, accompanied by auxiliary demographic variables.
This allowed for a correlational analysis using multivariate regression. Among the notable results of
this study, there was a positive effect of the availability of view on reading achievement. However,
another view metric, Horizontal Sight Angle, showed a significant negative interaction with free
and reduced lunch recipients on reading achievement, indicating that demographics can also have a
significant role in the way the visual environment can affect learning.
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1. Introduction
Building environments can influence occupants’ mood [1], health [2,3], and performance [4–6]. For the case of primary and secondary educational institutes, also known as
K-12 educational institutions in the US, there is a particular interest in the effects of the built
environment, as it can have implications on student achievement [4,7]. Building age has
often been used as a proxy for more refined measures of building condition. Bowers and
Burkett compared two facilities of different ages and found that students in the modern
building scored significantly higher in reading, listening, language, and arithmetic tasks
than students in the older facility [8]. They also found that less discipline was needed in
the newer building, which also showed significantly higher attendance. Phillips found
the same significant achievement score differences for reading and arithmetic with new
buildings compared to older ones [9]. These studies support similar findings of older
research by Plumley [10] and Chan [11]. In order to better understand the way building
age acts as a proxy for the school’s condition, architects and engineers focused on assessing
the building’s condition using more detailed factors. In 2008, Durán-Naruki gathered
information from 1997 to 1998 about New York schools and compared building condition
and poor academic achievement. The building conditions that were visually inspected
and rated by engineers and architects included the windows, walls, furniture, mechanical
system, plumbing, and building structure [5]. The study found attendance to function as
a mediator for building condition and poor academic achievement. In that sense, higher
scores for building condition led to higher attendance, while higher attendance decreased
the number of students with poor academic achievement. Although the environmental
conditions of a building refer to the lighting, thermal, and acoustical environment, as well
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as indoor air quality, this study solely examines the impact of the visual environment on
student achievement, focusing on lighting and outside view.
The visual environment in particular has been thoroughly examined in office settings
in a multitude of experiments with correlational analysis on lighting effects. Early research
mostly dealt with the perception of lighting. Occupants reported that they believe daylight
contributes to a healthier and more comfortable working environment, with reduced eye
strain being listed as the top benefit [12]. A quadratic relationship was found between
sunlight penetration and relaxing, indicating that daylight has a positive effect, although
at very high levels it would lead to discomfort [13]. Lighting and views effects have
been shown to have physical and psychological benefits as well. Views to nature have
been found to have improved the level of attention when preforming the Necker Cube
Pattern Control test over an urban view [14], while interesting views were also found to
lessen the impact of discomfort glare [15]. View quality was found to reduce physical
and psychological discomfort in office workers [3]. This study also found that sitting too
close to the windows can increase the instances of problematic lighting conditions (e.g.,
glare/reflections from the computer screen and unwanted heat from the sun). In regard to
electric lighting in offices, a separate study showed lighting conditions using direct/indirect
systems were found to be more comfortable than the direct lighting systems [16]. While no
main effect was found between lighting quality and performance, a follow up study by
Veitch et al. showed that lighting conditions that improved visibility also improved task
performance [17]. It was also reported that people who perceived their office lighting as
high quality rated the spaces as more attractive and scored higher with respect to mood
and well-being.
Despite the availability of studies related to office settings, visual environmental
research focused on schools is limited to a small number of correlational studies related to
student performance and a few experiments. Daylighting was found to increase student
performance in middle school and elementary school spaces in a building with efficient
daylight controls based on south facing roof monitors [18]. This design can eliminate
potential glare occurrences from the sun by reflecting direct sunlight down the walls of
the monitor [19]. One of the few experiments conducted on elementary school students
showed that full spectrum Duro-test Vita-lite in a light blue room dramatically decreased
blood pressure and off-task behavior in students. The control room was a white room
with cool-white fluorescents [20]. Research by Wohlfarth [21], London [22], and Hathaway,
Hargreaves, Thompson, and Novitsky showed similar findings with the full spectrum
Duro-test Vita-lite being beneficial [23]. While the benefits of full spectrum light sources
have been found to be marginal or even non-significant when compared to a more standard
4000 K Correlated Color Temperature (CCT) fluorescent fixture [24], when compared
to lighting solutions of poorer quality such as high-pressure sodium [23], differences in
student achievement were still significant, indicating that quality of light does matter for
achievement. A 1999 study by the Heschong Mahone Group found that daylighting, as
evaluated by trained architects, had a significant positive effect on both math and reading
scores [4]. However, in a later study in 2003, daylighting appeared to have a negative impact
on student achievement scores for math and reading [4]. In order to determine the reason
for the contradicting results, an additional analysis was performed in the daylit classrooms,
expanding their monitoring to also include more acoustic considerations. They found
that the acoustics of the highly rated daylight rooms were poor, and many had operatable
windows allowing outside noise in. They determined that the poor acoustics maybe a
contributing factor for this inconsistency, revealing the need to also study interacting effects
between indoor environmental parameters. The 2003 study also gathered far more data
than just daylighting in the Fresno school district, and included lighting, acoustics, and
indoor air quality factors. The lighting factors, outside of daylight, included glare from
windows showing a negative effect on math, orientation of windows on the east and south
having negative effects on reading, and vegetation views having positive effects for math
and view activity level (a measure reported by classroom evaluators) outside for reading.
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The study also found that the use of luminaires with CCT lower than 3500 K as well as
mixed fluorescent lamps had a negative effect on reading achievement scores. CCT lighting
at 5500 K was found to promote visual acuity for elementary school children compared
to 3600 K CCT at equal task luminance [25]. Similar results were also shown with third
graders and a focus lighting condition of (6000 K-1000 lux) and a normal condition (3500 K500 lux), indicating students in the focus group had a higher oral reading fluency than the
normal condition [7]. Higher color temperatures and higher illuminance levels were also
found to increase student concentration [26]. Concentration in blue-enriched white lighting
(14,000 K CCT uplight with 4000 K CCT downlight) was also found to be higher than in a
standard lighting condition (3500 K CCT down) [27]. Overall, increasing lighting quality
has been found to be beneficial, as students who perceive that their learning environment
has high lighting quality demonstrated higher student learning performance [28].
The work presented in this paper is conducted under a research grant entitled “School
Environmental Effects on Student Achievement (SEESA)”. Although the SEESA project
focuses on the overall indoor classroom environment, including acoustics, indoor air quality, thermal comfort, and visual environment for 220 classrooms, this study focuses on the
visual environment; to that end, visual data was gathered using both occupied logging
during multiple school days and unoccupied measurements along with simulations in K-12
classrooms, allowing for several different metrics to be assessed, including daylighting,
electric lighting, and view variables. Student achievement and demographic data were
provided at the classroom level to understand how the lighting metrics impact student
achievement. The ability to capture a multitude of variables allowed for better understanding about the dynamic aspects of the visual environment throughout the day. Previous
research in that area has had (i) limiting factors, such as using trained raters to evaluate spaces in classrooms [4,5,24], (ii) conflicting results between school districts [4,24], or
(iii) did not eliminate confounding factors, such as daylight [23,24]. Additional deficiencies
of previous studies were caused by technical limitations, such as the limited ability to create
computer simulated daylight models to capture variables, positions that were not possible
to be measured, or unavailability of the proper equipment to evaluate buildings in more
depth. This study investigates the impact of visual environmental parameters on student
learning by using occupied data that better represents the visual experience of students,
creating detailed daylight simulation models to account for occurrences where field measurements were not possible, and evaluating the view from the classrooms. The results of
this study aim to lead to a better understanding of the visual environment, towards better
design and operation standards for classroom environments that are beneficial to learning.
2. Materials and Methods
2.1. Research Design
The research study is a correlational study between indoor visual environmental
factors and student achievement. Math and reading scores are used for the assessment of
student achievement. The study is based on a classroom-level analysis rather than studentlevel analysis. This approach was chosen for two primary reasons: (i) all environmental
variables were measured at the classroom level; and (ii) a classroom analysis provided
additional privacy for individual students, as school districts did not have to provide any
student level information.
Participants
Two hundred and twenty classrooms were assessed for indoor visual environmental
factors in the states of Nebraska and Iowa. Classrooms were selected from five different
school districts with 144 elementary school classrooms, 32 middle school classrooms,
and 44 high school classrooms. Only classrooms from grades 3rd, 5th, 8th, and 11th were
selected. This was due to the fact that, when the project started in 2014, some school districts
were not testing both math and reading achievement in every grade. Middle school and
high school classrooms measured were either rooms for math or English teaching, as
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combined classrooms did not exist for the sampled school districts. Four classrooms were
excluded from the analysis to maintain balance in our experimental design: (i) two high
school classrooms, as they were not solely math or English classrooms and served other
purposes; and (ii) two classrooms that had been modified for students in special education.
2.2. Measurement Procedure and Data Acquisition
All measurements were conducted over a two-year period, spanning from September
2015 to May 2017, measuring 110 classrooms each school year for a total of 220 classrooms.
Each classroom was assessed during fall, winter, and spring, considering occupied and
unoccupied conditions in each season. Each occupied measurement set included 36 h,
starting in the morning before school started and ending after two completed school
days. Unoccupied measurements were conducted outside the schools’ regular schedule to
capture variables that are not influenced by the presence of students within the classrooms,
for example, the geometry of the room or the work plane illuminance level from the
electric lighting.
2.2.1. Occupied Measurements
Occupied lighting measurement equipment included five HOBO U12-012 illuminance
meters for each classroom, as shown in Figure 1a,b, along with other instruments related
to thermal comfort, indoor air quality, and acoustics. The measurement kit and stand, as
shown in Figure 1a (left) allowed for meters to be placed at desk height while keeping
them out of the reach of the students. In that sense, the measurement kit was placed by the
teacher’s desk or in the front of the room, where only individual students would approach
at any given time. The kit included one illuminance meter to measure illuminance over
time at the work plane height in five-minute intervals. Two of the four other illuminance
meters were placed in or on the light fixtures, covering different lighting zones and giving
information about operation status; as all classrooms were using fluorescent luminaires, the
most common control option was three-level switching. By placing illuminance meters in
the fixtures, we were able to determine how each zone was controlled and the luminaires’
output levels. Figure 1c shows an example floor plan of where the equipment would be
placed in the classroom. The study consists of three main classroom floor plan categories:
the largest group is shown in Figure 1c, the second group includes one or two windows5 on
Buildings 2021, 11, x FOR PEER REVIEW
of 16
a single wall, and the smallest group has no windows. The lighting systems installed in the
classrooms were all similar, with over 90% being 20 x 40 recessed fluorescent fixtures and
the rest being surface mounted linear fluorescent fixtures.
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2.2.2. Unoccupied Measurements
Measurements regarding geometry, reflectivity, transmissivities, and orientation
were taken for each classroom, including every door, window, and wall to obtain data
used for daylight simulations. Illuminance measurements were taken following the IES
handbook procedures [29]. In that sense, illuminance measurements were taken with and
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2.2.2. Unoccupied Measurements
Measurements regarding geometry, reflectivity, transmissivities, and orientation were
taken for each classroom, including every door, window, and wall to obtain data used for
daylight simulations. Illuminance measurements were taken following the IES handbook
procedures [29]. In that sense, illuminance measurements were taken with and without the
lights on at each location to allow for separation of the daylight from the electric lighting.
The student seating area was identified by measurement personnel and then located in
each classroom by measuring the distance from each corner and the center of the virtual
perimeter of the desks to the north wall (or east wall if windows were located on the
north), and the nearest wall with a window. Photos of the interior and outside views
of the classroom, as well as fluorescent lamps installed, were used as reference points
when developing the daylight models and gathering CCT information. The photos of the
classrooms were taken from the corners of the room in a clockwise direction to ensure the
entire space was captured. View photos were taken at the four corners and in the center of
the student seating area at student eye height (1.02 m for elementary students and 1.17 m
for middle and high school) [30]. The view photos provided more information about what
the students were able to see when looking outside.
2.3. Visual Environment Measures
2.3.1. Daylight Metrics and Simulation Methodology
Due to the complexities of conducting continuous measurements in occupied spaces
in the long-term, annual hourly simulations were conducted using inputs obtained by
the unoccupied measurements. SPOT (Sensor Placement + Optimization Tool) [31], a
daylight simulation software, was used to that end. The objective of the simulations
was to accurately assess daylighting in each classroom following the general guidelines
provided in the IES LM-83 [32]. Each classroom was modeled in SPOT, with the interior
portion of the model including all permanent surfaces and objects above work plane height
of 3000 , and the exterior portion including buildings, trees, and other permanent objects
up to 100 ft outside of the classroom windows [32]. Five classrooms were not possible
to be modeled due to limitations of SPOT with respect to handling unique geometries
(e.g., cut outs containing windows and other complex characteristics). This has led to 2.3%
of missing data for the daylighting metrics. In order to account for the actual exterior
weather conditions in the simulation, Actual Meteorological Year (AMY) data set by White
Box Technologies [33] were used for the two-year period during which the experiment
took place.
Model validation was conducted based on readings of the HOBO illuminance sensor
that was placed on top of the measurement kit. The daylight portion of the total illuminance
was calculated after subtracting for the illuminance due to electric lighting. To identify
whether electric lighting was on/off at any instance, the readings of the fixtures’ illuminance
sensors were utilized. The electric lighting could then be properly subtracted throughout
the day, allowing direct comparisons with the simulated illuminance values for every point.
This method did introduce a slight margin for error, as the HOBO illuminance meter’s
sensor has a diameter of 6.35 mm, while SPOT calculated measurement covered an area of
0.61 m by 0.61 m.
One major challenge related to the simulations was the inability to capture the positions of shades and blinds for all measured instances for classrooms. A survey was
given to teachers to better understand how they use their shading options. This survey
successfully addressed the extreme cases of “I always keep the blinds/shades shut” or
“I always keep the blinds/shades open”. However, the survey did not help for most
cases that would say “I adjust the blinds/shades when sun causes glare for myself or the
students”. This response was a problem as it is hard to identify which teachers fell into a
proactive/passive user category [31]. A proactive user would adjust blinds/shades when
problematic daylight occurs and then re-adjust blinds/shades shortly after the problematic
daylight has passed. A passive user would adjust the blinds/shades when problematic
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Figure 2. Illuminance Levels of Measurement Box within a Two-Day Measurement Compared to SPOT Calculation.

Minor deviations observed in the figure at different times can be associated with the
Minor deviations observed in the figure at different times can be associated with
way cloud coverage is simulated compared to the actual sky conditions. Validations
the way cloud coverage is simulated compared to the actual sky conditions. Validations
showed
of 253.71
253.71 lux
lux with
with an
an average
average percent
percent error
error of
of
showed an
an MSRE
MSRE (mean
(mean square
square root
root error)
error) of
22.2%, which, given the limitations of missing information about shading positions, the
HOBO illuminance meter, and other missing data, is considered reasonable and within the
percent error discussed in Tregenza [34]; the latter study suggested that single-point-in-time
illuminance calculations should vary at a minimum of plus or minus 20% average percent
error, while Sadeghi [35] found an average percent error of 22.8% using the same model
detail level as in this study. After the modeling methodology was considered reasonably
accurate, the other classrooms were checked by verifying illuminance levels using pointin-time measurements spread across the six measurement days to ensure model quality.
This check involved the same procedure used in Figure 2, but due to the large number of
classrooms and generated data, only 4–6 points in time were compared for each season.
Corrections were then made to improve the models if errors were found.
The daylighting metrics that were assessed include: (i) Continuous Daylight Autonomy (cDA); (ii) Spatial Daylight Autonomy (sDA); (iii) Useful Daylight Illuminance
autonomous + supplementary; (iv) Useful Daylight Illuminance Exceeded; (v) Daylight Factor; and (vi) Annual Sunlight Exposure (ASE) [32,36]. For sDA and ASE, modified versions
of the metrics were assessed in order to address methodological differences concerning the
time of the analysis; while these two metrics refer to an analysis time between 8 A.M. and
6 P.M., our analysis period was adjusted to reflect school operation, ranging from 8 A.M. to
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3 P.M. Although the calculation approach for the metrics remains unchanged, details for
the number of hours for ASE had to be adjusted accordingly.
2.3.2. Electric Lighting Metrics
Three electric lighting metrics were used to assess electric lighting in the classrooms:
1.

2.

3.

Maximum Average Electric Illuminance Level (calculated in the winter unoccupied measurements using the methodology included in the IES handbook 10th Edition) [29].
Time-Weighted Illuminance level based on the illuminance meters placed in the
light fixtures. All but six classrooms used fluorescent fixtures with either on/off or
3-level switching options. The remaining six classrooms still used fluorescent but
with set-dimming levels. This allowed for the maximum average illuminance to be
reduced based on the way teachers used theirs lights during the six days of occupied
measurements. In that sense, Time-Weighted Illuminance would provide a more
accurate representation of the electric lighting experienced by students.
Correlated Color Temperature was considered as a variable of interest based on the
findings of previous studies. However, there was little to no variance in the fluorescent
lamps used in the measured classrooms, with the CCT ranging from 3000 K to 3500 K.
This was a result of each school district having a specific fluorescent lamp product that
they used for every school building within their district. Although variations could
be observed based on the impact of daylighting for different window distances, that
would involve expensive and obstructive sensing requirements that were considered
to be out of scope for this study.

2.3.3. View Metrics
The view out from buildings has been gaining interest as a significant part of the
visual environment. EN 17037 “Daylight of Buildings” is a European standard that defines
view using three different metrics: (1) Horizontal Sight Angle; (2) Outside Distance of View;
and (3) Number of View Layers [37].
1.

2.

3.

Horizontal Sight Angle defines the amount of available outside view within a space
by its visible width. The reference point used for this calculation is the farthest seating
point within the utilized space. For this study, the farthest point from the student
seating area to the primary window was used.
Outside Distance of View defines the extent of outside visual information available
within a specific room. More specifically, it is defined in EN17037 as the “distance
from the inner surface of view opening to opposite major obstructions located in front
of the opening” [37]. An obstruction is defined as “anything outside a building which
prevents the direct view of part of the sky” [37]. The Outside Distance of the View
is measured from the exterior surface of the view opening (window) to the nearest
obstruction outside.
The Number of View Layers metric reflects the quality and diversity of visible content
and is defined by EN 17037 based on the assumption that there are “three distinct layers comprising a view: a layer of sky, a layer of landscape and a layer of ground” [37].
The landscape layer can be any landscape/urban/natural objects in view, or, in lack
of them, the horizon line. Number of view layers seen is to be calculated from at least
75% of the utilized area within the studied room. Number of layers was evaluated
using the photos taken from the farthest corner of the student seating location.

Table 1 shows the way EN17037 evaluates each of these metrics. Number of View
Layers for this study was orthogonal contrast-coded, making: (i) a comparison of no
layers/no windows to the grouping of one layer, two layers, and all three layers (View vs.
No View); and (ii) a comparison of one layer and two layers to all three layers (Two View
Layers vs. Three View Layers). A third comparison between one layer and two layers was
not possible, as only five classrooms had one layer, therefore these were merged with the
two layers cases in the second comparison. Horizontal Sight Angle and Outside Distance

not possible, as only five classrooms had one layer, therefore these were merged with the
two layers cases in the second comparison. Horizontal Sight Angle and Outside Distance
of the View were treated as continuous variables. Figure 3a shows the Horizontal Sight
Angle and Figure 3b shows Outside Distance of the View and Number of View Layers.
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Table 1. Assessment of View Outwards—Information from EN17037.

Recommendation Horizontal Sight An- Outside Distance of Number of View
Level
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the View
Layers
of the View were treated as continuous variables. Figure 3a shows the Horizontal Sight
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No layers
Angle and Figure 3b shows Outside Distance of the View and Number of View Layers.
Landscape layer/one
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≥14°
≥6.0 m
Table 1. Assessment of View Outwards—Information from EN17037.
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A

Figure 3. (a) Example Classroom Floor Plan; (b) Example Section Cut for View
View Metrics.
Metrics.

2.4. Dependent Measures and Controls
To gauge the effects of the indoor visual environment on student performance, every
school district was asked to provide student achievement scores on standardized tests. The
study included classrooms in both Nebraska and Iowa, so the Nebraska State Accountability
(NeSA) Assessment scores and the Iowa Test of Basic Skills (ITBS) scores for math and
reading were provided on a classroom level. The data was received in national percentile
rank allowing comparison between the two standardized tests. As middle school and high
school students had to switch classrooms for each subject, math and reading scores were
taken only from dedicated math and English/reading classrooms, respectively. In order
to control for variations in socioeconomic status and learning ability, each school district
provided demographic information for: (i) free and reduced lunch recipients; (ii) gifted
learners; and (iii) special education students by classroom percentage. Student grade level
is a set of three dummy coded variables to control for the differences among grades. Third
grade was used as the reference grade to generate the dummy coded variables. Free and
reduced lunch recipients was used as a socioeconomic status control variable as students
of below average socioeconomic status become eligible for free or reduced cost for lunch.
Gifted learners refer to students that have been assessed by their school district as being
high performing and is used to help control for variations in high performing classrooms.
Special education students refer to students that have some sort of disability that may
impede them from learning as effectively as other students. This variable is used primarily
to control for the age of the students, but can also capture differences between elementary,
middle, and high school classrooms, as only one grade was tested for the middle and high
school levels.
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3. Results
3.1. Descriptive Statistics
RStudio was used to organize and conduct the statistical analysis using the lavaan
package. The Full Information Maximum Likelihood (FIML) approach was used, allowing
for missing data to be accurately interpolated. The descriptive statistics for the achievement,
demographic, and lighting metrics used in the final model are shown in Table 2.
Table 2. Descriptive Statistics.
Variables

N

Mean

Standard.
Deviation

Minimum

Maximum

Math Achievement (Percentile Rank)
Reading Achievement (Percentile Rank)
% Free and Reduced Lunch Recipients
% Special Education Students
% Gifted Learners
Maximum Average Illuminance (lux)
Time-Weighted Illuminance (lux)
Spatial Daylight Autonomy (sDA)
Annual Sunlight Exposure (ASE)
Uniform Daylight Illuminance (UDI)
Horizontal Sight Angle
Number of View Layers

178
180
216
216
216
216
216
211
211
211
216
216

56.74
55.88
37.31
13.67
13.62
779.69
460.15
0.06
0.10
0.25
42.33
2.02

14.76
13.60
29.88
8.99
13.73
163.97
181.08
0.10
0.16
0.23
34.65
1.15

18.33
17.26
0.00
0.00
0.00
252.21
62.14
0
0
0
0
0

95.98
87.30
100.00
41.67
76.09
1159.82
995.10
0.65
0.82
0.97
125.28
3

Note. N for achievement is lower as 8th and 11th grade have exclusively math or reading classrooms. Some metrics were not used in the
final model but are provided here for more information.

Table 2 shows that all variables have good variance except special education. Math
Achievement and Reading Achievement have an N of less than 216 as, for 8th and 11th
grade, the classroom was either a math classroom or reading classroom. All variables
were tested for normality with histograms. Special Education Students, Gifted Learners,
and Annual Sunlight Exposure statistics showed the greatest skew in their histograms.
When tested for skew and kurtosis, it was found that only Gifted Learners and Annual
Sunlight Exposure had problematic skews, exceeding 1 [38]. However, deviations from
normality were expected for these variables, as the Special Education Students or Gifted
Learners are subgroups of the student population that have been already identified as
different from the average student. As subgroups, Special Education Students and Gifted
Leaners are low to zero percentages of the potential population for each classroom. This
causes the distribution for each variable to be closely packed toward the zero value. The
resulting effect is that the normal distribution is cut-off by the left boundary condition of
zero. Annual Sunlight Exposure was expected to be skewed right, as it is an area-based
calculation with most classrooms only having windows in one orientation, leading to
limited direct sun penetration.
3.2. Model Discussion
A multivariate linear regression approach was used for data analysis with a nested
structure to account for the school level variations. The linear regression model used
for both Reading and Math Achievement with the demographic control variables of Free
and Reduced Lunch Recipients, Gifted Learners, Special Education Students, Student
Grade Level, and independent variables of Time-Weighted Illuminance, Annual Sunlight
Exposure, Horizontal Sight Angle, and Number of View Layers (View vs. No View and
Two View Layers vs. Three View Layers). All linear regression assumptions were checked
and found to be satisfactory. It is worth noting that several metrics did not make it into
the linear regression model, mainly due to conflicts these metrics create within the model:
(i) Number of View Layers and Outside Distance of the View not being independent from
each other; as Outside Distance of the View increases, so does the Number of View Layers.
This led to Outside Distance of the View being dropped due to Number of View Layers
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also containing a qualitative aspect of view. (ii) Maximum Average Illuminance and TimeWeighted Illuminance were dependent, as Time-Weighted Illuminance is calculated from
the Maximum Average Illuminance. In that sense, Maximum Average Illuminance was
dropped, as it was theorized that Time-Weighted Illuminance would represent illuminance
levels closer to what students experienced; (iii) the two-daylight metrics use the same
illuminance data for calculation, leading to a similar dependency problem. Annual Sunlight
Exposure was chosen to stay in the model, as it was considered more suitable to capture only
the negative aspect of daylight. Useful Daylight Illuminance (UDI) was considered as an
alternative, it was rejected due to the use of bins that would still have a strong correlational
relationship with each other, not truly separating the daylight properly from a statistical
perspective. The orientation of the window providing view to the outside was considered
for the model, as previous literature showed an effect on student achievement [4]. However,
this was not included in the models due to singularities that occurred between variables
when interactions between window orientation and the other visual metrics were tried. A
singularity occurs when a value on one independent variable perfectly predicts the value of
a different independent variable. In our data set, the window orientation variable when the
classroom had no windows perfectly predicted the values for Annual Sunlight Exposure,
Number of View Layers, and Horizontal Sight Angle, something that was impossible to
overcome due to the respective definition of the metrics. Correlated Color Temperature was
also dropped from the model due to the issues discussed earlier relating to low variance
and school districts using one type of lamp for the whole school district.
3.3. Student Achievement Models
Table 3 shows the multivariate regression of Reading Achievement on the selected
visual metrics. The multivariate regression is a correlational analysis, as the data was
gathered in actual classrooms where the environment has not been manipulated to exercise
experimental control. Instead, statistical control was used by including demographic variables to limit confounding factors. Interactions between all combinations of demographic
and visual metrics were tested, however, what was included in the model was only interactions that were significant when tested individually. If an interaction is found to be
significant, the main effect of a metric should not be interpreted without also evaluating
the interaction simultaneously. In that sense, the View or No View comparison has a
significant positive effect on Reading Achievement, implying that having a view to the
outside of a classroom promotes higher reading scores. The reading model does contain a
significant interaction found between Horizontal Sight Angle and Free and Reduced Lunch
Recipients. Horizontal Sight Angle has a significant negative interaction with Free and
Reduced Lunch Recipients, showing that as Free and Reduced Lunch Recipients increases,
the effect of Horizontal Sight Angle on Reading Achievement decreases (Figure 4). That
negative interaction could be associated with (i) allowing for additional heat gain and
potential glare from the sun, or (ii) the potential for more distractions to occur outside
with an increased view angle. An interesting note is that, for classrooms with low Free
and Reduced Lunch Recipients, Horizontal Sight Angle has a significant positive effect
on Reading Achievement. The positive effect can be clearly seen in Figure 4. Table 4
presents the multivariate regression for Math Achievement on the selected visual metrics.
No independent variables were found to be significant for the math model.
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Table 3. Multivariate Regression of Reading on Demographics and Lighting Metrics.
R2

Reading Model

B

SE

β

Intercept
% Free and Reduced Lunch Recipients
% Gifted Learners
% Special Education Learners
Grade 5
Grade 8
Grade 11
Time-weighted Illuminance (ETW )
Annual Sunlight Exposure (ASE)
View vs. No View
Two View Layers vs. Three View Layers
Horizontal Sight Angle (HSA)
HSA x % Free lunch

61.56
−0.05
0.60
−0.27
−4.23
−3.55
−13.02
−0.01
5.29
0.76
0.05
0.06
−0.002

0.03
0.06
0.09
2.05
3.20
3.16
0.01
4.52
0.36
1.28
0.02
0.0007

−0.10
0.61 **
−0.18 **
−0.15 *
−0.09
−0.37 **
−0.09
0.06
0.11 *
0.00
0.16 **
−0.42 **

95% CI

0.536
[−0.24, 0.04]
[0.48, 0.73]
[−0.29, −0.07]
[−0.28, −0.01]
[−0.26, 0.07]
[−0.55, −0.20]
[−0.23, 0.05]
[−0.04, 0.17]
[0.01, 0.21]
[−0.14,0.14]
[0.04, 0.28]
[−0.64, −0.21]

x FOR
PEER REVIEW Coefficient; SE: Standard Error; β: Standardized Coefficient; R2 : variance 12 of 16
Note. N = 180. * p < 0.05.Buildings
** p <2021,
0.01.11,B:
Unstandardized
accounted for a dependent variable by the independent variables; 95% CI: 95% Confidence Interval of the Standardized Coefficient.

Horizontal Sight Angle and PFRL
%FRL Low (-1sd)

%FRL Mid (mean)

%FRL High (+1sd)

Reading Achievement

70
60
50
40
30
20
10
0
0

5

10 16 21 26 31 37 42 47 52 57 63 68 73 78 84 89 94 99 104 110 115 120 125

Horizontal Sight Angle (Degrees)
Figure 4. Interaction Plot for Horizontal Sight Angle and % Free and Reduced Lunch Students on Reading Achievement.

Figure 4. Interaction Plot for Horizontal Sight Angle and % Free and Reduced Lunch Students on
Table 4. Multivariate Regression of Math Achievement on Demographics and Lighting Metrics.
Reading Achievement.
Math Model

B

SE

β

R2

95% CI

68.80
0.626
Table 4. Multivariate RegressionIntercept
of Math Achievement on Demographics
and Lighting Metrics.
% Free and Reduced Lunch Recipients
SE
% GiftedBLearners
%
Special
Education
Learners
Intercept
68.80
Grade
% Free and Reduced Lunch Recipients
−0.235
0.04
Grade
% Gifted Learners
0.31 8
0.15
Grade
% Special Education Learners
−0.3211
0.08

Math Model

−0.23
0.04
β 0.15
0.31
−0.32
0.08
−2.48 −0.462.05
**
−4.13 0.292.36
*
−3.31 −0.192.65
**

−0.46 **
2
0.29 *R
−0.190.626
**
−0.08
−0.10
−0.09

[−0.60, −0.32]
95%0.55]
CI
[0.02,
[−0.29, −0.09]
0.05]
[−[−0.21,
0.60, −
0.32]
[−0.21,
0.01]
[0.02, 0.55]
0.05]
[−[−0.22,
0.29, −
0.09]

Grade 5
−2.48
[[−0.21,
−0.21,0.04]
0.05]
−0.01 −0.08
0.01
−0.09
Time-weighted
Illuminance (ETW)2.05
Grade 8
−4.13
2.36
−0.10
[−0.21, 0.01]
Annual Sunlight Exposure (ASE)
−0.01
3.95
0.00
[−0.08, 0.08]
Grade 11
−3.31
2.65
−0.09
[−0.22, 0.05]
View vs. No View
0.11
0.48
0.01
[−0.11, 0.14]
Time-weighted Illuminance (ETW )
−0.01
0.01
−0.09
[−0.21, 0.04]
Two View Layers vs. Three View Layers
−1.83
1.43
−0.09
[−0.24, 0.05]
Annual Sunlight Exposure (ASE)
−0.01
3.95
0.00
[−0.08, 0.08]
View vs. No View
0.11Angle (HSA) 0.48
[[−0.21,
−0.11,0.07]
0.14]
Horizontal Sight
−0.03 0.01
0.03
−0.07
Two View Layers vs. Three View Layers
−1.83
1.43
−0.09
[−0.24, 0.05]
0.00 −0.07
0.00
0.24
Etw x % Gifted
Horizontal Sight Angle (HSA)
−0.03Learners
0.03
[[−0.01,
−0.21,0.49]
0.07]
Note.
N
=
178.
*
p
<
0.05.
**
p
<
0.01.
B:
Unstandardized
Coefficient;
SE:
Standard
Error;
β:
Standardized
Coefficient;
Etw x % Gifted Learners
0.00
0.00
0.24
[−0.01,
0.49] R2:

variance accounted for a dependent variable by the independent variables; 95% CI: 95% Confidence Interval of the Stand-

Note. N = 178. * p < 0.05. ** pardized
< 0.01.Coefficient.
B: Unstandardized Coefficient; SE: Standard Error; β: Standardized Coefficient; R2 : variance
accounted for a dependent variable by the independent variables; 95% CI: 95% Confidence Interval of the Standardized Coefficient.
4. Discussion, Limitations, and Future Work

The significant positive effect of the View vs. No View on Reading Achievement can
be justified by the fact that EN17037 states that having a view to the outside can relieve
the fatigue associated with long periods of being indoors [37]. This finding also agrees
with findings from Heschong Mahone Group [4]. The View vs. No View effect is particu-
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4. Discussion, Limitations, and Future Work
The significant positive effect of the View vs. No View on Reading Achievement can
be justified by the fact that EN17037 states that having a view to the outside can relieve the
fatigue associated with long periods of being indoors [37]. This finding also agrees with
findings from Heschong Mahone Group [4]. The View vs. No View effect is particularly
notable as, considering that window size is being accounted for by the Horizontal Sight
Angle, it implies that the effect of Horizontal Sight Angle and its interaction with having
a view out still matters. This advocates to the fact that view is a multifaceted concept
and has far more intricacies to consider regarding how view out of classrooms effects
student achievement. The Two View Layers vs. Three View Layers comparison was not
significant, indicating there is no major difference between having two view layers or three.
Unfortunately, the lack of classrooms that only had one layer prevent a comparison with
that group. This is primarily as the Midwest, United States has low population density,
resulting in buildings not being tightly packed and limiting the access to view.
The significant interaction found between Horizontal Sight Angle and Free and Reduced Lunch Recipients cannot be fully explained in as naturalistic an experiment as
the one conducted; however, the authors hypothesize that students of the high Free or
Reduced Lunch group could be more prone to not having a beneficial learning or reading
environment at home, causing the distractive effects of the classroom environment to be
amplified. Previous research focused on the socioeconomic status (SES) of students corroborate that home environments can be a critical factor influencing learning and achievement;
for low socioeconomic status (SES) communities in California, the average number of
books present in the home was just six books, versus high SES that had an average of
414 books [39]. Interviewing parents of high achieving, low SES students showed that they
made sure to find ways to provide materials and support systems to create strong learning
environments at home [40]. In that sense, future studies should include inputs related
to the learning environment at home to better understand possible interactions. Surveys
that were deployed to the teachers showed that there were observations of students being
distracted from looking outside; however, the ambiguity of this finding, as well as the
potential conflict with the positive effect of the View vs. No View comparison advocates
for further examination in a controlled study to achieve more conclusive results.
The main limitations to this project are directly connected to the correlational and
naturalistic approach of the study. Due to this approach, it is still possible for confounding
effects to occur. Proceeding with a correlational naturalistic study was a decision the
authors made to minimize disruption to the students, leading to access to a wider sample.
Using standardized testing was beneficial for not interfering with students, but also presented the limitation of only having access to the aggregated score in the classroom level.
This prevented a deeper level of analysis and control over the project. The inability to
accurately capture blind usage was another limitation inherent to our approach of causing
minimum disturbance in the flow of the educational process in classrooms. Addressing this
would require either the placement of cameras in the classrooms, requiring permissions
from over 8000 parents, or other intrusive and expensive solutions that would not be
feasible for that many classrooms.
This study represents a fraction of the overall research conducted for this research
grant, as other studies were focused on acoustics, thermal sensation, and indoor air quality.
All studies will also be combined and analyzed to evaluate what aspects or interactions of
them within the classroom environment have the greatest impact on student achievement.
This information will help to inform school districts and building industry on important
environmental guidelines for increasing student achievement and well-being. As similar research grants were given out by the EPA to six other research groups [41] there is a potential
for meta-analysis, aiming to strengthen and verify the findings of all groups and bringing a
better understanding of the indoor environmental effects on student achievement. Future
research related to studying students in primary and secondary education should focus on
installing as many experimental controls as possible without severely limiting sample size.
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One of the best ways to do this is to create custom exams for each subject of interest since,
as stated above, standardized testing limits experimental control though reliance on school
districts to provide data, as well as the administration of the standardized exams. Due to
factors such as the need not to compromise everyday classroom activities and to comply
with the privacy requirements for students, one of the most feasible ways to continue
research on the impact of the indoor environment on students are large scale correlational
analyses. This approach does not heavily rely on direct student involvement, thus cannot compromise the students’ ability to learn. Such analyses could be more specifically
targeted, focusing on classrooms that are similar in layout and demographics but vary
only in terms of window size or other view out parameters. In addition, research related
to view should expand on the way occupants use their visual environment. Towards
such objectives, eye tracking technology could prove to be a major asset, as it can provide
real-time understanding of the role of window views in the context of different tasks.
5. Conclusions
The goal of this study was to identify visual environmental factors that impact student
achievement using objective-based measurements. These allow for the conclusions drawn
from this study to be replicated and comparable to future study results by eliminating
observer bias and rater fatigue. It was found that, for Reading Achievement, there was a
positive effect of having access to view out of the classroom. However, there was also a
significant negative interaction between Horizontal Sight Angle and Free and Reduced
Lunch Recipients on Reading Achievement. This interaction showed that for students that
may experience additional struggles outside of school, more access to views may augment
tendencies for distraction or amplify negative effects of direct sun into the classroom. It
also shows that for students that may not have these same difficulties, Horizontal Sight
Angle is beneficial. These results specifically point to the fact that more research needs
to be conducted related to view due to the complicated relation found between view and
student achievement. View appears to be a multifaceted concept that may have distinct
benefits in certain situations but negative elements in others. This can have implications in
design guidelines for schools, where architects should be encouraged to allocate classrooms
with windows but try to limit potential distractions outside of windows and minimize
potential glare.
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